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Introduction
Exposure to weightlessness in space induces physical deconditioning. An impaired physiological response associated with cardiovascular deconditioning, such as orthostatic intolerance, is common after spaceflight (Buckey et al. 1996) and even after 5 days of bed rest (Linnarsson et al. 2015) . Previous studies (Yao et al. 2001; Arbeille et al. 2012) suggest that the changes in cerebral vascular adaptation may contribute to orthostatic intolerance after exposure to conditions of weightlessness. In addition, exposure to weightlessness induces a cephalad redistribution of fluid volume and blood flow via a fluid shift in the human body. Thus, almost all previous studies indicated that space motion sickness, which is a problem during the first few days of spaceflight, could be related to these changes in fluid status and in the blood flow of the cerebrum and vestibular system (Frey et al. 1993) . With this background, many previous studies have examined the effect of weightlessness on cerebral blood flow (CBF). However, the effect of weightlessness on CBF is controversial. Transcranial Doppler measurements have shown a significant decrease (Frey et al. 1993; Arbeille et al. 2001; Yao et al. 2001; Sun et al. 2002 Sun et al. , 2005 Yang et al. 2011) , an increase (Kawai et al. 1993) or no change (Iwasaki et al. 2007; Jeong et al. 2012 Jeong et al. , 2014 in middle cerebral artery (MCA) mean blood velocity after head-down bed rest or spaceflight. These inconsistent results may depend on measurement methodology or the duration of exposure to weightlessness.
Most importantly, these previous studies (Frey et al. 1993; Kawai et al. 1993; Arbeille et al. 2001; Yao et al. 2001; Sun et al. 2002 Sun et al. , 2005 Iwasaki et al. 2007; Yang et al. 2011; Jeong et al. 2012 Jeong et al. , 2014 focused on evaluating only the anterior cerebral circulation (i.e. MCA) using transcranial Doppler. However, we have recently demonstrated that there is a heterogeneous CBF response in cerebral arteries during several physiological conditions, and the data of these previous studies suggested that these heterogeneous CBF responses might help to maintain circulatory homeostasis in the brain (Sato et al. 2011; Ogoh et al. 2013 Ogoh et al. , 2014 Ogoh et al. , 2016 Hirasawa et al. 2016) . There are two principal arteries that supply blood to the brain, namely the common carotid (CCA) and the vertebral arteries (VA). The internal carotid (ICA) and external carotid arteries (ECA) branch from the CCA. Posterior cerebral blood flow, e.g. VA blood flow, in particular, is more likely to be linked with orthostatic tolerance rather than ICA blood flow (Ogoh et al. 2015) . Indeed, anatomically, the posterior part of the cerebral circulation (the vertebrobasilar system) supplies blood to the medulla oblongata, which is the location of important cardiac, vasomotor and respiratory control centres (Tatu et al. 1996) . In addition, vertigo and dizziness are the most common symptoms in patients with bilateral intracranial vertebral artery occlusive disease, indicating that development of presyncopal symptoms is likely to result from hypoperfusion in the vertebrobasilar system (Shin et al. 1999 ). Thus, spaceflight or experimental weightlessness simulation-induced orthostatic intolerance or space motion sickness might be associated with a decrease in posterior rather than anterior CBF. However, no study has investigated the blood flow response to weightlessness in different cerebral arteries.
The stimulus of weightlessness immediately induces a shift of blood and fluids from the lower segments of the body to the upper body (Prisk et al. 1993; Verbanck et al. 1997; Norsk et al. 2006) , thus these conditions modify the systemic circulation. In particular, cardiac output (CO) shows a 16-30% decline during days 2-3 and recovers by day 7 of dry immersion (Shulzhenko et al. 1980; Fomin et al. 1985; Iarullin et al. 1987; Navasiolava et al. 2011a; Yang et al. 2011) , indicating that a short duration of exposure to weightlessness causes a drastic change in CO, and this response is different compared with a long weightlessness stimulus (Prisk et al. 1993; Verbanck et al. 1997; Norsk et al. 2006) . Given that a change in central blood volume or CO affects CBF directly (Ogoh et al. 2005; Carter et al. 2014) , we hypothesized that even a short exposure (2-3 days) to weightlessness would influence CBF or the distribution of CBF among the cerebral arteries.
To test our hypothesis, the present study was designed to measure blood flow in each cerebral artery during short-term (3 days) exposure to weightlessness condition. In the present study, dry immersion was adopted as a method to simulate weightlessness. The concept of dry immersion is similar to head-out water immersion for the body fluid shift. However, dry immersion is a much better method to simulate weightlessness from the point of view of hygiene. Moreover, during dry immersion, gravitational forces and the floating body (head-out) cutaneous mechanosensitive pressure gradients are much smaller than the corresponding values in the bed-rest model; the effects of simulated weightlessness on the body may be accelerated in the dry immersion model compared with head-down bed rest (Navasiolava et al. 2011a) .
Methods

Ethical approval
The present study was approved in advance by the Comité de Protection des Personnes Sud Ouest et Outre Mer 1 (approval no. CPP SOOM1). The study conformed to the standards set by the Declaration of Helsinki, except for registration in a database. Before the study, all subjects were familiarized with the protocol and provided written informed consent.
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Subjects
Ten healthy male subjects (means ± SD; age, 30 ± 4 years; height, 179 ± 6 cm; and weight, 74 ± 6 kg) participated in the present study. All subjects underwent a medical examination, which included their detailed medical history. They were all normotensive and without cardiovascular, pulmonary or kidney diseases. They were asked to abstain from caffeinated beverages, strenuous physical activity and alcohol intake for 24 h before the experiment.
Dry immersion
In the present study, gravitational unloading was simulated by 3 days of dry immersion. Dry immersion is largely used in Russia and is considered to be a useful method of simulating weightlessness (Navasiolava et al. 2011a, b) . The subject is immersed, up to the neck, into a thermostatically controlled water-bath covered by a waterproof cloth (Fig. 1) . The subject's body in the semisupine position almost floats freely in the warm water without getting wet. Hydrostatic pressure is exerted equally on all body surfaces, nearly balancing the gravitational forces, thereby creating almost non-reactive force conditions (Grigor'ev et al. 2004) , simulating real spaceflight.
Throughout the experiment, the subject was immersed in the water with the waterproof cloth floating freely on the thermoneutral water (32-33°C). The experimental protocol was spread over a 7 day period; pre-dry immersion (baseline) for 2 days, dry immersion for 3 days (dry immersion days 1, 2 and 3; D1, D2 and D3) and recovery for 2 days (recovery days 1 and 2; R1 and R2). The immersion procedure lasted 72 h, beginning at 09.00 h on day 1 of dry immersion (D1) and ending at 09.00 h on day 1 of recovery (R1). During the dry immersion, the subject remained in a supine position and received no support, which makes the environment absolutely different from that during head-down bed rest, where support still exists. The subjects were passively pulled out of the dry immersion tank to take a shower and defaecate every morning. During the dry immersion, some experimental measurements required the subject to be out of the bath. In all instances, when out of the bath, the subject remained supine. For the 10 subjects, the total out-of-bath time was 21 ± 12 min on D1, 33 ± 14 min on D2 and 222 ± 17 min on D3. The longest duration in D3 was because of late-evening magnetic resonance imaging for another study (Treffel et al. 2016) ; however, all other blood flow measurements were taken before the subjects were shifted out. All the measurements for the dry immersion were conducted on relaxed subjects during immersion at least 1 h after any out-of-bath procedure. In contrast, the measurements for the baseline and for recovery days 1 and 2 were conducted on subjects in the supine position.
Measurements
Arterial blood pressure [systolic (SBP), mean (MAP) and diastolic (DBP)] and heart rate (HR) were measured by using an automated sphygmomanometer (Dinamap; Critikon Inc., Tampa, FL, USA) in the evening after the subject had rested comfortably for at least 10 min. Cardiac output was estimated using beat-to-beat measurements from ascending aortic pulse velocity waves obtained via a suprasternal approach during a 1 min Doppler recording as well as from the left ventricular outflow tract diameter, determined from the parasternal long-axis view using two-dimensional echocardiographic imaging with a 3 MHz sector transducer. Blood flow in the right ICA and right ECA were measured ß1.5 cm distal to the carotid bifurcation. Right VA blood flow was measured between the transverse process of the C4 vertebra and subclavian artery by ultrasonography using an 8 MHz linear transducer (Sato et al. 2011; Ogoh et al. 2013) . Care was taken to ensure that the probe was stable, the insonation angle was constant and <60 deg, and the sample volume was centred in the vessel and covered its width. Expired air was sampled breath by breath, and end-tidal partial pressure of carbon dioxide (P ET,CO 2 ) was measured with a Microcap TM hand-held capnograph (Oridion Medical, Jerusalem, Israel) and a dedicated CO 2 nasal cannula. All blood flow measurements in each cerebral artery, CO and P ET,CO 2 measurements were obtained in the afternoon (14.00-16.00 h) on the day before dry immersion (baseline); D1, D2 and D3; and R1 and R2.
In addition, the blood and plasma volumes before and immediately after the end of the dry-immersion period were estimated with the optimized carbon monoxiderebreathing method (Schmidt & Prommer, 2005; Prommer & Schmidt, 2007) using the kit provided (Blood tec GmbH, Bayreuth, Germany). Venous blood samples were withdrawn from the antecubital vein in the supine position in bed-rest conditions. The carboxyhaemoglobin concentration was analysed with a carbon monoxide-Hb Analyzer (OSM3; Radiometer, Copenhagen, Denmark) and carbon monoxide gas with a carbon monoxide analyser (PAC 7000; Dräger Safety, Strasbourg, France).
Data analysis
We used the brightness mode (B-mode) to identify the mean vessel diameter in a longitudinal section. The systolic and diastolic diameters were measured, and the mean diameter (in centimetres) was calculated as follows:
The Doppler velocity spectrum was identified using the pulsed-wave (PW) mode. The mean blood flow (BF) velocity was calculated on the basis of velocity waveforms traced automatically by an offline analysis of the ultrasonography data. The mean BF velocity were assessed from the average of ß15-20 cardiac cycles to eliminate the effects of respiratory oscillations. Data for the mean diameters were obtained in three periods, averaged and defined as the representative value of the mean vessel diameter for each condition. Finally, the BF was calculated by multiplying the cross-sectional area [π × (mean diameter/2) 2 ] by the mean BF velocity as follows: blood flow = mean blood flow velocity × area × 60 (in millilitres per minute; Sato et al. 2011; Ogoh et al. 2013 ). In the pilot study, we conducted a test-retest experiment to confirm the reproducibility of the CBF and CO measurements at the resting baseline, for a coefficient of variation: ECA blood flow, 5.1 ± 1.0 % (mean ± SD); ICA, 5.1 ± 1.0%; CCA, 4.5 ± 0.9%; VA, 5.1 ± 0.9% (Sato et al. 2011) ; and CO, 4.5 ± 3.9% (n = 7).
Statistics
Values are expressed as means ± SD. The data were analysed using statistical software (SPSS, version 19.0; IBM Corp., Tokyo, Japan). To compare plasma and blood volumes between D1 and R1, a paired t-test was used. One-way repeated-measures ANOVA was used to identify differences in haemodynamic and blood flow measurements between different time periods. In addition, two-way repeated-measures ANOVA was performed with percentage values of CBF and cerebral vascular conductance compared with the baseline, with artery (ICA, ECA, VA and CCA) and time (baseline, D1, D2, D3, R1 and R2) as factors. ANOVAs were followed by the Student-Newman-Keuls post hoc tests of comparison. Correlations between the relative change in systemic parameters (HR, MAP, CO and P ET,CO 2 ) and CBF (ICA, ECA and VA blood flow) were analysed by the Pearson correlation analysis. The level of significance was set at P < 0.05.
Results
Heart rate was unchanged during dry immersion but increased after dry immersion (R2, P < 0.001; Table 1 ), whereas SBP decreased from 118 to 110 mmHg on D1 and thereafter increased gradually during dry immersion (D2, 119 mmHg; D3, 124 mmHg) from D1 (P < 0.001). Also, changes in DBP and MAP during dry immersion were similar to those of SBP. All blood pressure parameters (SBP, DBP and MAP) showed significant higher values at R1 compared with the baseline. Both blood and plasma volumes decreased in response to the 3 days of dry immersion (blood volume, −11.1 ± 5.2%, P < 0.001; and plasma volume, −16.6 ± 7.3%, P < 0.001; Fig. 2) . Likewise, CO decreased significantly during the dry immersion; thereafter, CO partly recovered but was still significantly lower on R1 compared with the baseline (P = 0.004).
The CBF in each cerebral artery (ICA, ECA VA and CCA) was unchanged during and after the dry immersion (P = 0.191, P = 0.274, P = 0.12 and P = 0.062, respectively; Table 1 ). In addition, P ET,CO 2 was unchanged throughout the experiment (38 mmHg, P = 0.21). However, Pearson correlation analysis demonstrated that the 3 days of dry immersion induced a decrease in CO that was associated with declines in ICA (P = 0.046) and VA blood flow (P = 0.021; Table 2 ) despite no association between CO and ECA (P = 0.466). In addition, the ICA (P = 0.027), VA (P = 0.004) and CCA (P = 0.004) conductance significantly decreased during dry immersion (Table 1) . However, we did not observe different responses of CBF (P = 0.909; Fig. 3 ) and cerebral conductance (P = 0.796) between the anterior and posterior cerebral arteries.
Discussion
This is the first investigation to identify the effect of exposure to short-term weightlessness on the blood flow S. Ogoh and others Abbreviations: D1, D2 and D3, dry immersion days 1, 2 and 3; P ET,CO 2 , end-tidal partial pressure of carbon dioxide; and R1 and R2, recovery days 1 and 2. Data are means ± SD. * P < 0.05 compared with baseline. † P < 0.05 versus D1. ‡ P < 0.05 versus D2. § P < 0.05 versus D3. ¶ P < 0.05 versus R1. One way RM ANOVA and Student-Newman-Keuls post hoc tests were used to determine the P values.
in each cerebral artery or CBF distribution. Although the 3 days of dry immersion and the 2 days recovery period did not significantly alter the blood flow in each cerebral artery, changes in both ICA and VA blood flow were associated with those of CO. In addition, ICA, VA and CCA conductance decreased significantly during the 3 days of dry immersion. However, we did not observe any different responses of CBF and cerebral artery conductance between cerebral arteries. These findings suggest that a short exposure to weightlessness influences the cerebral vasculature via a cephalad circulatory redistribution but does not modify the distribution of CBF among cerebral arteries. A decrease in posterior cerebral artery conductance may be associated with weightlessness-induced orthostatic intolerance or autonomic dysfunction, but we need further investigation to answer this important question.
Anterior CBF response to acute weightlessness
In the present study, ICA blood flow, as an index of anterior CBF, was unchanged by the 3 days of dry immersion (P = 0.191). This finding indicates that CBF was well maintained during the short period of exposure to weightlessness and the 2 days of recovery, but it is inconsistent with some previous studies, which have shown that conditions of weightlessness cause a significant decrease (Frey et al. 1993; Yao et al. 2001; Sun et al. 2002 Sun et al. , 2005 or increase (Kawai et al. 1993) in middle cerebral artery mean blood velocity. One possible explanation for the inconsistent results might be the methodology of CBF measurement; all these previous studies (Iwasaki et al. 2007; Jeong et al. 2012 Jeong et al. , 2014 through the MCA during several physiological conditions, because was been reported that the MCA diameter did not change when MCA blood velocity was altered (Schreiber et al. 2000; Serrador et al. 2000) . However, transcranial Doppler observations have shown that the administration of sublingual nitroglycerin decreased CBF velocity, but blood flow in the CCA was well maintained (Zuj et al. 2007) . Given that the resistance vessels in the brain appeared to be unaffected by sublingual nitroglycerin, this finding indicated that NO-mediated MCA vasodilatation occurs without a change in CBF. In addition, a more recent study (Coverdale et al. 2014 ) estimated the MCA diameter from phase contrast magnetic resonance imaging and demonstrated that the MCA diameter was altered by changes in P ET,CO 2 . Thus, it is possible that the MCA velocity determined by transcranial Doppler might underestimate the CBF response to weightlessness with a change in MCA diameter. However, in the present study P ET,CO 2 was unchanged throughout dry immersion (Table 1) , and the effect of weightlessness on the MCA diameter remains unknown. These inconsistent results might also be attributable to different durations of the weightlessness simulation. A previous study (Arbeille et al. 2001) reported that cerebral blood velocity in the MCA was reduced, and the nadir was around 4-5 days of head-down bed rest, with recovery to baseline afterwards. Likewise, previous studies (Frey et al. 1993; Yao et al. 2001; Sun et al. 2002) demonstrated that a short-term weightlessness simulation caused a decline in CBF (Frey et al. 1993; Yao et al. 2001; Sun et al. 2002) , whereas other studies (Iwasaki et al. 2007; Jeong et al. 2012 Jeong et al. , 2014 , focused on a long duration of simulation, reported no change in CBF. The time-dependent CBF response to weightlessness is likely to be associated with that of the cardiovascular system, which reaches a new and stable equilibrium during spaceflight or head-down bed rest within a 1 week (Arbeille et al. 2001) .
Although the ICA blood flow was unchanged during the 3 days of dry immersion, ICA conductance was affected significantly throughout the protocol (P = 0.027; Table 1) , and it decreased during dry immersion from the baseline, indicating that weightlessness conditions at least modified the anterior cerebral vasculature.
Cerebral blood flow distribution during acute microgravity
In addition, this is the first study to investigate the blood flow responses of the ECA and VA to conditions of weightlessness. Importantly, both ECA and VA may have a different system of regulation compared with ICA blood flow regulation (Sato et al. 2012b; Ogoh et al. 2014) . Indeed, the blood flow response to physiological stimulations is different between these cerebral arteries (Sato et al. 2011 (Sato et al. , 2012a Ogoh et al. 2013 Ogoh et al. , 2014 Ogoh et al. , 2015 . In the present study, both ECA and VA blood flows remained unchanged during the 3 days of dry immersion and the 2 days of recovery (P = 0.274 and P = 0.12, respectively; Table 1 ).
In contrast, VA conductance decreased significantly during dry immersion. Some previous studies (Yao et al. 2001; Arbeille et al. 2012) suggest that cerebral vascular adaptive changes might contribute to orthostatic intolerance after bed rest. However, posterior CBF, e.g. VA blood flow, decreases only during severe orthostatic stress; therefore, VA blood flow is more likely to be linked with orthostatic tolerance rather than anterior CBF, such as ICA blood flow (Ogoh et al. 2015) . Although VA blood flow remained unchanged, dry immersion induced a decrease in VA conductance, indicating that weightlessness modified the posterior cerebral circulation, and this finding provided the possibility that spaceflight or experimental weightlessness simulation-induced orthostatic intolerance or space motion sickness would be associated with a change in the posterior cerebral circulation. However, in the present study, we also found a similar response of ICA blood flow to short-term weightlessness to that of VA blood flow. In other words, the short-term weightlessness did not affect CBF distribution among cerebral arteries (CBF, P = 0.909; cerebral conductance, P = 0.796; Fig. 3 ). Thus, in the present study, it is difficult to identify the effect of a change in the posterior CBF on weightlessness simulation-induced orthostatic intolerance. Moreover, in the present study, we measured all CBF without orthostatic stress (dry immersion or supine position). However, a previous study (Sato et al. 2012a) reported that CBF was changed by orthostatic stress and that there was a different CBF response to orthostatic stress between the anterior and posterior cerebral circulation. Therefore, after weightlessness, orthostatic stress may emphasize the effect of weightlessness on CBF in each artery and its distribution. In any case, we need further investigations to identify the relationship between weightlessness-induced orthostatic intolerance or autonomic dysfunction and the posterior CBF response.
Our studies also suggest that the intracranial vasculature is 'defended' against acute changes by varying ECA vascular responses during acute central hypovolaemia and hypervolaemia or hypotension or hypertension (Sato et al. 2011; Ogoh et al. 2013 Ogoh et al. , 2014 Ogoh et al. , 2016 Hirasawa et al. 2016 ). In addition, Aratow et al. (1991) demonstrated that a postural change from 60 deg head-up tilt to −6 deg head-down tilt increased forehead cutaneous flow (ß26%) significantly. Moreover, it has been reported that on the first and second day after bed rest, blood flow in the head increased despite a decrease in blood flow in the feet, but these responses were not significant. However, this phenomenon helps to explain the facial oedema associated with the simulated or real microgravity environment. In these circumstances, we expected that the short duration of exposure to weightlessness would increase ECA blood flow to prevent intracranial cerebral overperfusion. However, ECA blood flow and ECA conductance were unchanged during the 3 days of dry immersion. These findings indicate that the ECA vasculature does not play any role in regulating intracranial blood flow and might be important only for conditions of acute change in blood pressure, such as weight lifting or acute hypotension.
Effect of physiological factors on CBF during acute weightlessness: plasma and blood volumes and cardiac output
Previous studies have demonstrated that CO is an important factor in determining CBF (Ogoh et al. 2005) even during conditions of weightlessness (Jeong et al. 2012) . It has been reported that during dry immersion, stroke volume and CO increase greatly in the first few minutes and thereafter decrease by 16-30% on the second and third days (Shulzhenko et al. 1980; Fomin et al. 1985; Iarullin et al. 1987) despite an increase in muscle sympathetic nerve activity (Iwase et al. 2000) . In addition, spaceflight and head-down bed rest cause the same stroke volume responses as dry immersion (Prisk, 2000) . Likewise, in the present study, CO decreased significantly during and after the 3 days of dry immersion (Table 1) . This reduction might be associated with cardiac deconditioning and decreased circulating blood volume. The 3 days of dry immersion revealed a slight diminution in the left atrial diameter, whereas the left ventricular diameter increased by 11% (Navasiolava et al. 2011a) . The size of the heart decreases because of hypovolaemia, ventricular remodelling and cardiac atrophy (Pavy-Le Traon et al. 2007 ). In addition, it has been reported that dry immersion decreased plasma volume during the first to the third day, and this reduction was larger than with head-down bed rest (Greenleaf, 1997; Pavy-Le Traon et al. 2007; Navasiolava et al. 2011a) . In the present study, both plasma and blood volumes were decreased significantly by dry immersion (−17 and −11%, respectively; Fig. 2 ), indicating that a decrease in CO might be associated with a reduction in circulating blood volume during dry immersion.
In the present study, more interestingly, Pearson correlation analysis demonstrated that the 3 day dry immersion-induced decrease in CO (P = 0.004) was associated with changes in ICA (P = 0.046) and VA blood flow (P = 0.021), but not ECA blood flow (P = 0.466). These findings indicate that conditions of weightlessness modify the systemic circulation (i.e. cardiac deconditioning or decrease in plasma volume), and this systemic modification affects both the anterior and the posterior CBF. Thus, adaptation of the systemic circulation to weightlessness in the anterior cerebral circulation might be similar to that of the posterior cerebral circulation. In contrast, our recent study demonstrated that ICA blood flow was decreased more by acutely reduced central blood volume during lower-body negative pressure compared with VA blood flow (Ogoh et al. 2015) . This inconsistent result might be attributable to the use of a different method to reduce central blood volume between acute orthostatic stress (lower-body negative pressure) and blood loss (dry immersion). Given that dry immersion increases central blood volume initially, different adaptations of the systemic circulation between conditions might affect the CBF response differently.
Limitations
A methodological limitation of this study should be mentioned. First, the response of CBF in each artery was estimated from a small sample size in the present study. Indeed, analysis of Cohen's d and 95% confidence intervals demonstrated that the ICA blood flow decreased on day 2 (Cohen's d and range of 95% confidence intervals compared with the baseline; 0.85 and 0.994 ß 0.760 < 1). Thus, larger sample sizes might emphasize our findings. However, it is difficult to perform this type of human experiment with larger sample sizes. Second, the measurements of the present study have a technical limitation. Arterial blood pressure, CBF parameters and CO were measured at different times. However, haemodynamic values should be relatively stable because the subjects were relaxed during dry immersion. Thus, this measurement limitation may be minimal.
Although the 3 days of dry immersion did not change ICA, ECA and VA blood flows, Pearson correlation analysis demonstrated that dry immersion induced a decrease in CO that was associated with both anterior and posterior CBF. In addition, both ICA and VA conductance decreased significantly during the dry immersion. These findings suggest that even short-term weightlessness affects the cerebral vasculature via a cephalad circulatory redistribution, including a change in the CO. However, with short-term weightlessness conditions, the CBF distribution among cerebral arteries is not affected.
